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SUMMARY

Negative chemotaxis, where eukaryotic cells migrate away from repellents, is important throughout biology,
for example, in nervous system patterning and resolution of inflammation. However, the mechanisms by
which molecules repel migrating cells are unknown. Here, we use predictive modeling and experiments
with Dictyostelium cells to show that competition between different ligands that bind to the same receptor
leads to effective chemorepulsion. 8-CPT-cAMP, widely described as a simple chemorepellent, is inactive
on its own and only repels cells when it acts in combination with the attractant cAMP. If cells degrade either
competing ligand, the pattern of migration becomes more complex; cells may be repelled in one part of a
gradient but attracted elsewhere, leading to populations moving in different directions in the same assay
or converging in an arbitrary place. More counterintuitively still, two chemicals that normally attract cells
can become repellent when combined. Computational models of chemotaxis are now accurate enough to
predict phenomena that have not been anticipated by experiments. We have used them to identify new
mechanisms that drive reverse chemotaxis, which we have confirmed through experiments with real cells.

These findings are important whenever multiple ligands compete for the same receptors.

INTRODUCTION

Negative chemotanxis (also called chemorepulsion') occurs when
cells are exposed to a spatial gradient of a signaling molecule
and move down-gradient, toward the region with the lowest
concentration. It is thus the opposite of normal (“positive”)
chemotaxis in which cells move up-gradient toward the highest
concentration.

Negative chemotaxis is implicated in a wide range of whole-
organism processes, including development,” immunity,** dis-
ease,” and cancer metastasis.® For example, neurites in the
developing brain avoid areas high in semaphorins,” and
semaphorin knockout mice die at or before birth.® Negative
chemotaxis is also considered important for normal immune
cell behavior. Neutrophils are attracted to infections and sites
of tissue damage by chemoattraction, but when the damage
has been resolved they can migrate in reverse, back into the
bloodstream.® This may be mediated by negative chemotaxis
through G-protein-coupled receptors (GPCRs) in particular che-
mokine and complement fragment receptors, though the envi-
ronment is complex and distances small, so the precise drivers
are not fully understood. The mechanisms behind GPCR-medi-
ated repulsion remain unexplained.

In bacteria, negative chemotaxis is widespread.'® It works
because receptors are tuned by protein methylation to register
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a “background” concentration of attractant or repellent.!’ If
the attractant concentration is higher than the background, the
receptor mediates an attractive response; if lower, the response
is negative. Thus, one receptor can communicate both positive
and negative chemotactic stimuli.

By comparison, eukaryotic chemorepulsion is difficult to
explain.'? Eukaryotic chemotaxis integrates temporal informa-
tion with spatial data,’® where the cell compares receptors at
different places in the cell. The resulting spatial information is
used to steer the cell.'* Much research has addressed the mech-
anisms by which attractive receptor stimuli reinforce actin pro-
trusions. The GPCRs that are used in chemotaxis have a wide
range of ligand specificities. These varied inputs are integrated
at the level of G-protein coupling. When G-proteins are
activated, their By-subunits positively reinforce local actin poly-
merization,'>'® connecting signals from outside the cell to the
intracellular processes that control cell movement.

It is difficult to envisage how negative stimuli can be integrated
into this type of chemotaxis pathway. G protein By-subunits are
not thought to be specific, and there is little to suggest that pos-
itive and negative stimuli act through different By-subunits.
Furthermore, when negative chemotaxis has been analyzed
in detail, the same receptors promote both positive and
negative effects.”'” This makes it hard to understand how
G-proteins could mediate negative steering. Many eukaryotic
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Figure 1. Repulsion by 8-CPT-cAMP depends on the presence of a competing agonist
(A) Guidance by receptor competition. Agonists are attractive because a concentration gradient creates a gradient of activated receptors and G-proteins (far left).
A similar gradient of antagonists occupies receptors similarly, but does not activate receptors or G-proteins (left). Homogeneous attractant (right) activates
receptors and G-proteins, but there is no directional bias so the cells are not steered. A combination of homogeneous agonist and a gradient of antagonists
causes a steering in the opposite orientation of the gradient (far right).
(B-D) Chemotaxis chamber assays exposing cells to (B) 0-200 uM 8-CPT-cAMP, (C) uniform 2 uM Sp-cAMPS, and (D) both. Leftward cell movement is indicated
by a blue circle and rightward with a purple circle. Larger circles indicate a higher velocity in the specified direction. Scale bars, 100 pm.

(legend continued on next page)
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cells simultaneously use a wide range of receptors to different at-
tractants; neutrophils, for example, express hundreds of distinct
receptors. This makes the prokaryotic scheme, in which repel-
lents act by decreasing the number of activated molecules of
one class of receptor, unfeasible; if a large number of different re-
ceptors each have a background activity, the overall effect of
depressing one receptor type is small.

Despite this, negative chemotaxis clearly occurs and is impor-
tant in normal physiology.'®'® This paper examines the mecha-
nisms that can allow this.

Recent work has focused on cell guidance by self-generated
attractant gradients.”’°’ These are exceptionally dynamic,
and the evolving ligand profiles are near-impossible to measure
directly.?® In contrast, the behavior of cells is readily observable
and can be accurately predicted using computational models.*®
These models need not include complex receptor behavior (such
as recycling, multimerization, and adaptation) to show strong
predictive power. Here, we test the idea that different ligands
can make complex and negative gradients by competing for sim-
ple, positively acting receptors. We combine computational
modeling with experiments to show that molecules described
as chemorepellents can work by interfering with positive signals,
rather than via undiscovered negative signaling pathways.

RESULTS

Chemorepellents work by competing with positive
agonist signals

8-CPT-cAMP (8- (4- Chlorophenylthio)adenosine-3’,5’-cyclic
monophosphate) has been described as a strong chemorepel-
lent for Dictyostelium.***" As an analog of cAMP, 8-CPT-
cAMP is principally detected through the cAR1 receptor, which
normally mediates a strongly attractive response to cAMP.*?
Because it is difficult to imagine this receptor acting both posi-
tively and negatively, we tested a different hypothesis—that it
was acting as a receptor antagonist rather than a direct repellent.
There is substantial evidence that 8-CPT-cAMP acts as a
competitive inhibitor of cCAMP’s binding to cAR1. It binds to the
receptor with a reasonabile affinity®® but requires concentrations
at least 80x higher than would be expected from its affinity to
induce chemotaxis or activate gene expression,®* as well as
actively blocking the effects of cCAMP at lower concentrations,*
and is thus considered a receptor antagonist.

If 8-CPT-cAMP acts as a competitive inhibitor, binding to the
receptor but not activating it, it will not stimulate G-proteins
and will give no directional cues on its own. In the presence of
a stimulatory ligand, however, the 8-CPT-cAMP would compete
for receptors; higher concentrations of 8-CPT-cAMP would keep
more receptors in an inactive state. A gradient of 8-CPT-cAMP

Current Biology

could therefore interact with uniform cAMP to create a reverse
gradient of activated cAR1 receptors (represented in Figure 1A).

We tested this prediction using direct-view chemotaxis cham-
bers,*® which generate a defined gradient between two reservoirs
(Figures 1B-1D; Video S1). Gradients of 8-CPT-cAMP do not give
a steering response on their own (Figures 1B and measured in 1E)
but strongly repel cells in the presence (Figures 1D and 1G) of
homogeneous levels of a non-degradable cAMP analog,
Sp-cAMPS (Adenosine-3',5’- cyclic monophosphorothioate, Sp-
isomer), which strongly activates cAR1 but is not degraded.*®
Sp-cAMPS on its own gave no directional migration (Figures 1C
and 1F).

Thus, the 8-CPT-cAMP does not repel cells directly but works
very effectively through competition with an active ligand. This is
not negative chemotaxis as usually understood—cells do not
respond directly to the repellent—but it is remarkably effective
(Video S1).

This implied that earlier results in which 8-CPT-cAMP was
found as a direct chemorepellent,®’ worked through interaction
with endogenous attractants. Dictyostelium cells complicate
experimental results by secreting their own cAMP, which can
be blocked using caffeine.®” When we examined the chemotaxis
of untreated cells using a micropipette, we found that wild-type
cells were weakly repelled by 8-CPT-cAMP (Figures 1H and 1K),
but we could never detect repulsion of caffeine-treated cells
(Figures 11 and 1L). This suggests that cAMP produced by
normal cells is essential for the observed repulsion. We therefore
tested the effect of adding a homogeneous background of Sp-
cAMPS. This fully rescued chemorepulsion, causing cells to
migrate directly and efficiently away from the 8-CPT-cAMP
released from a micropipette (Figures 1J and 1M; Video S2).

Taken together, these results demonstrate that chemorepul-
sion by 8-CPT-cAMP requires the presence of an attractant.

Guidance uses receptor activity gradients, not
attractant gradients

Our findings show that interacting ligands guide cells in unex-
pected ways. The system’s complexity makes it hard to
understand the underlying mechanisms intuitively. We therefore
adapted our model of chemotaxis®>*® to include steady-state
competition for receptor sites between ligands (see Methods S1
for mathematics). In brief, the hybrid-agent-based model consists
of a two-dimensional (2D) field describing concentrations of the
chemoattractants, with individual cells as agents. All parameters
(see Methods S1) are physiologically appropriate, with most
experimentally measured. At each time point, the cells move a
constant distance; each cell’s direction is random, but biased
by chemoattractant gradients measured by the difference in re-
ceptor occupancy between the front and back of the cell. The

(E and F) Rightward velocity across the experiments in (B)-(D). (E) 8-CPT-cAMP alone causes almost no movement. (F) Uniform Sp-cAMPS drives chemokinesis,

not chemotaxis.

(G) Substantial movement away from 8-CPT-cAMP is apparent when both are included.
(H-J) NC4 cells stimulated by 10 mM 8-CPT-cAMP from a micropipette without caffeine (H), with caffeine (I), and with both caffeine and agonist background (2 pM

Sp-cAMPS; J). Scale bars, 40 um.

(K-M) Radial velocity toward the micropipette as a function of distance from it (K) without caffeine, (L) with caffeine, (M) with both caffeine and 2 uM Sp-cAMPS.
Repulsion is slight (K), with caffeine treatment erasing it completely (L). Introduction of agonist makes the effect clear (M). Points show mean + SE of technical
replicates for cells in a representative experiment (n > 30, 48, and 28 respectively).

See also Videos S1 and S2.
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Figure 2. Competitive chemorepulsion us-
ing degradable and non-degradable antag-
onists

(A) Concentrations used in this figure. The non-
degradable antagonist forms a linear steady state
between the leftmost concentration of 0 and the
rightmost concentration of 200 pM. A background
agonist is included.

(B and C) Modeled chemotaxis under conditions
described in (A). Colors show the local difference

in receptor activity, with blue through white
4 showing increasing leftward (i.e., repulsive) cues,
and black to red to yellow showing stronger

rightward (i.e., attractive) cues. (C) Quantitation,
predicting repulsion at the left-hand side of the
chamber.

(D and E) Experimental verification of modeled

data. Cell tracking shows magenta circles for NC4

cells moving rightward and cyan circles for left-
1 ward movement. Scale bars, 100 um.
(F) Velocity of real cells stimulated with Sp-8-CPT-
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experiments.
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steeper the gradient, the stronger the directional bias. After this,
processes that change the attractant field are calculated. The
model gives a faithful account of even complex processes like
self-generated chemotaxis, so disagreements between experi-
ment and model often reveal unexpected biology,*® allowing us
to test concepts around chemotaxis in detail.

We started without dynamic changes caused by ligand degra-
dation. Simulations of a gradient of competitive antagonist with a
background of non-degradable attractant (Figure 2A) predicted
effective negative chemotaxis away from the antagonist. Inter-
estingly, this effect is most pronounced at the bottom of the
gradient and diminishes as the concentration of the repellent
rises (Figures 2B and 2C). No appreciable repulsion is seen at
the upper half of antagonist concentrations.

200 400
Distance (um)

a full antagonist (such as 8-CPT-cAMP)
with resistance to phosphodiesterase
(such as Sp-cAMPS). Fortunately, these
modifications are in different parts of the molecule, meaning
that Sp-8-CPT-cAMPS (8- (4- Chlorophenylthio)adenosine- 3’,
5’- cyclic monophosphorothioate, Sp- isomer) is both an antag-
onist and non-degradable. We found that experiments using a
combination of Sp-8-CPT-cAMPS and Sp-cAMPS reproduce
the behavior of the models almost perfectly (Figures 2D and
2E). A gradient of Sp-8-CPT-cAMPS alone gives no appreciable
directionality across the whole bridge (Figure 2F), confirming that
this molecule is a simple antagonist and that an agonist must be
present for repulsion to be effective.

For a quantitative understanding of antagonistic repulsion, we
built an analytical model of receptor occupancy across the whole
of the chemotaxis chamber (see Methods S1). We used this to
generate guidance heatmaps (Figure 2G) showing the effect of

600 800 1000
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different background attractant concentrations. This predicts an
optimal background concentration of Sp-cAMPS of between 4
and 16 uM, about 4-16 times its Kq for the receptor, cAR1 (Fig-
ure 2G). Below this, responses decline as the background
agonist concentration drops and cell behavior therefore
approaches the unsteered state. Predictions for different con-
centrations allowed us to refine our conceptual understanding.
The agonist and antagonists actively compete for sites. There-
fore, high agonist concentrations saturate receptor sites, dimin-
ishing the capacity of the antagonist to cause spatial bias. Low
agonist concentrations are less effective because there is less
active signal to outcompete.

The non-degradable inhibitor gave a less robust response
across a smaller proportion of the bridge (see Figures 1D and
1G). This was surprising, as we had expected degradation to
mute the repellent’s effect. We tested this using simulations,
which replicated both the enhanced strength and the range of
a degradable chemorepellent (Figures 2H-2K). The simulation
revealed that the interaction of diffusion and degradation creates
an approximately exponential gradient across the chamber
(Figure 2L), exposing cells to a steeper gradient of receptor
inhibition. Thus, cells can obtain more information from
chemorepellents by degrading them, just as they can with
chemoattractants.?®

Antagonist gradients can reverse positive cues

We tested whether two gradients could interact together to give
repulsion. Simulation of combined agonist and antagonist gradi-
ents (Figures 3A and 3B) predicted a negative response
(Figures 3C-3F), as long as the agonist started at a significant
level (Figure 3B). For both attractant alone and the combination,
chemotaxis was clearest at the lower end of the gradient
(Figures 3E and 3F). Real cells behaved as the model predicted
(Figures 3G-3J). The dose response of this repulsion is com-
plex—agonist and antagonist gradients in the same direction
can be repulsive, but only if the growth in antagonist is enough
to overcome the attractive signal.

In conclusion, shallow agonist gradients are able to combine
with steeper antagonist gradients to steer cells negatively.
Above a critical steepness, at which the two balance out, the
guidance direction reverses (Figure 3K).

Interactions between degradable and non-degradable
attractants and repellents

Because cells can increase the strength and range of negative
chemotaxis by locally degrading the antagonist (Figures 2G
and 2J), we examined the interactions between degradable at-
tractants and repellents. Cells completely degrade low concen-
trations of cCAMP signal, which means that they cannot perceive
the interfering gradient. However, by adding a small amount of
non-degradable Sp-cAMPS, we maintained a detectable signal
(Figure 4A). This allowed experiments with a near-exponential
gradient across most of the chamber, while still maintaining
competition between antagonist and agonist. Simulations of
this setup made a striking prediction—the cells diverged at the
midpoint of the chamber, with those in the left half moving left
and those in the right half moving right (Figures 4B and 4C),
opening up a gap in the center. Real cells replicated this behavior
(Figures 4D and 4E; Video S3), again showing the accuracy of the
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simulations. Plotting simulated receptor occupancy shows that
this combination allows an exponential gradient of cCAMP to
dominate the right half of the chamber (Figure 4F), climbing far
faster than the antagonist gradient. In contrast, the cAMP was
at near zero levels on the left-hand side of the chamber, so the
gradient was too shallow to affect the repellent effect of the other
ligands.

This experimental condition—in which the cells change direc-
tion depending on their position in the gradient—is very unusual
(Figure 4F). In a simple attractant gradient, the guidance cues are
stronger at the low end, but at higher concentrations the differ-
ence between front and rear becomes less and they lose their
sense of direction (for example, Figures 3G and 3l). The behav-
ioral turning point is neither a source of attractant nor of antago-
nist, but the result of a complex competition between different
ligands.

We also tested whether the opposite was true, and degrad-
able antagonists could lead to convergence in the middle of
the gradient. Simulations predicted that degradable antago-
nist gradients could be shallow enough at their lower ends
to be outcompeted by a moderate linear agonist gradient. At
the same time, higher concentrations and the exponential na-
ture of a degradable antagonist at the high end can over-
whelm the linear agonist gradient (Figure 5A). This leads to a
striking maximum of receptor activity in the middle of the
chamber, which causes cells from everywhere in the bridge
to converge (Figures 5B and 5C; Video S4). Experiments
with real cells again followed the simulations accurately
(Figures 5D and 5E). One difference was particularly informa-
tive—real cells in antagonists ceased making protrusions and
stopped moving, rather than continuing with the random
movement as we see in unstimulated cells (see Video S4).
The principal result is that competition between ligands can
direct cells to positions that are different from the source of
either ligand, which depends on the K4 of the antagonist rela-
tive to the agonist (Figure 5F).

Complex outcomes from mixed signals:
Chemorepulsion by competing gradients
Many physiologically important examples of chemotaxis are
remarkably complex. For example, there are >40 chemokines,
transduced by around 20 receptors; each receptor may detect
many chemokines, and some chemokines activate different re-
ceptors to different degrees. Furthermore, under physiological
conditions many of these chemokines are present together.
This leads to a wide range of possible interactions that exceeds
an experimenter’s ability to explore them. Because our chemo-
taxis model had consistently given dependable results, we
used it to explore the possible effects of mixing different ligands.
One set of simulations gave particularly counterintuitive re-
sults—competition between different ligands binding to the
same receptor. Receptors are normally in an “inactive” state.
When they are in an “active” state, they bind to G-proteins and
cause effects inside the cell. When a perfect receptor binds to
its ligand, it always changes from inactive to active. However,
real-life receptors are not perfect; ligand binding only activates
afraction of them. This is termed the efficacy, and it differentiates
an agonist from an antagonist. Strong agonists, for example,
cAMP, have an efficacy close to 1, whereas antagonists like
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Figure 4. Divergent guidance from 3-ligand interaction with a degradable agonist

(A) Diagram of conditions used. A linear gradient of 0-100 uM Sp-8-CPT-cAMPS antagonizes a 0- to 5-uM (initially, before degradation) cAMP gradient, which
becomes exponential due to attractant degradation. A 2-uM background of Sp-cAMPS maintains receptor activation.

(B) Modeled chemotaxis, with background color showing receptor activity difference across the cell. Expected receptor activity has a minimum in the middle of
the chamber, leading cells to either side.

(C) Quantification of velocity in (B).

(D and E) Experimental verification of the predictions in (B) and (C), with cells moving leftward highlighted in cyan and rightward in purple. Scale bars, 100 um.
(F) Heatmap of the calculated difference in proportion of receptor activity across cells for the conditions described in (A), with antagonist background con-
centration varying on the y axis. The black zone in the middle of the map shows the midpoint where cell behavior diverges. Green points in (C) and (E) show mean +
SE of technical repeats (n > 23 and 32) for cells at the indicated positions of a representative experiment (E) or 3 repeated simulations (C).

See also Video S3.
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Figure 5. Convergent guidance from stable
agonist and degradable antagonist interfer-
ence

(A) Diagram of conditions used. A linear gradient of
0- to 2 puM-Sp-cAMPS provides an agonist stim-
ulus against which a 0-80 pM 8-CPT-cAMP
gradient interferes. Cell degradation of the latter
makes an exponential shape at equilibrium.

(B) Modeled chemotaxis, with background color
showing receptor activity difference across the
cell. Cells converge on a central point.

Sp-cAMPS Concentration (UM)

o
T

(C) Quantification of rightward velocity in (B).

(D and E) Experimental verification of predictions
in (B) and (C), with cells moving leftward high-
lighted in cyan and rightward in purple. Scale bars,

X Direction Velocity (um min-1)
o

100 um.

(F) Heatmap of calculated receptor activity
gradient for conditions described in (A), with
antagonist K4 varying on the y axis. The black zone

in the middle of the map shows the midpoint where

cell behavior converges. Green points in (C) and
(E) show mean + SE (n > 23 and 13) for cells at the
indicated positions, in 3 experiments (C) or
representative experiment (E).

See also Video S4.
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Above a critical steepness at which the two signals cancel one
another out (around 7 pM, in this case) guidance cues become
repellent.

These results from the model were completely counterintui-
tive; to our knowledge, nothing like this has been observed pre-
viously. We therefore used this as a test of the computational
model’s usefulness. The conditions that work best are almost
impossible to guess from first principles, but the models illumi-
nate the range of conditions that can work. Experiments with
real cells, using concentrations suggested by the models,
accurately replicated the remarkable result (Figures 6M-6R;
Video S5)—Sp-cAMPS gradients cause positive chemotaxis,
Rp-cAMPS gradients cause positive chemotaxis, but when
the exact same two gradients are combined, they become
repulsive.

This confirms two important points. First, our mathematical
model of chemotaxis is a precise enough tool to explore the out-
comes of multiple, complex conditions and faithfully predict
cells’ behavior; this is important when there are so many possible
experiments, and it allows a much better mechanistic under-
standing. Second, very unexpectedly, competition between
two attractant ligands for the same receptors can give negative
chemotaxis.

Distance (um)

600 800 1000

DISCUSSION

Chemotaxis is fundamentally important
to normal eukaryotic biology, and thus
widely studied. Many important cases—
for example, neutrophils responding to
infections by chemotaxing toward che-
mokines—involve many different ligands
competing for a smaller pool of receptors.
For example, the CXCR2 receptor
binds to CXCLs 1, 2, 3, 5, and 8; all
are physiologically important.’ These ligands’ chemotactic ef-
fects are generally studied individually; we do not know of exper-
iments studying chemotaxis combinations of different CXCLs.
This, combined with the need for mathematical modeling to
dissect the interactions, means that the role of competition in
negative chemotaxis has not been seen previously. The data
we have described show that this competition is fundamentally
important to chemotaxis in vivo, and understanding it will yield
important—if counterintuitive —results.

We have shown how GPCRs can mediate negative chemo-
taxis without invoking any currently unknown molecular mecha-
nisms. As this relies on competition between ligands, further
study into systems with apparent GPCR-mediated chemorepul-
sion will need to account for competing signals that communi-
cate through the same receptor. Crucially, the findings are not
limited to GPCRs: the same mechanisms will work for any recep-
tor type. For example, Robo-mediated guidance is known to
involve both full-length Slit and Slit-N,> suggesting competitive
rather than direct repulsion, and the same is true for the pairing of
semaphorins and Slit-C with Plexin-1A.*°

While systems with only one or two known signals might
become straightforward when viewed in the context of this
work, others are more complex. The chemokine system, for
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Figure 6. Combined attractant gradients cause repulsion

(A-C) Diagrams of the conditions, a 0-40 uM gradient of the partial agonist Rp-cAMPS (A), a 1-5 uM gradient of the agonist (Sp-cAMPS) (B), and both together (C).
(D-F) Modeled chemotaxis in conditions (A)-(C). Both the partial agonist (D) and the agonist (E) drive positive chemotaxis, but cells are repelled when both
gradients are present (F).

(legend continued on next page)
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example, involves complex, promiscuous interactions between
receptors and ligands, and an array of ligand modifications
that change the Ky and efficacy for different receptor-ligand
interactions. This has been described as “redundancy,”41 but
our finding that competition between ligands gives complex ef-
fects (Figure 6) disagrees. It is more likely that a healthy immune
system places chemokines at a series of tipping points, ready to
mediate attraction or repulsion in specific cell types at different
times and places. This would explain the high failure rate of che-
mokine receptor targeting drugs; understanding it would
improve the development of new ones.

This also emphasizes the importance of studying simplified
systems. Our studies succeeded because we could eliminate
the breakdown of attractants and repellents by cells (using
Sp-modifications) and prevent them from secreting their own at-
tractants (using caffeine and by knocking out adenylyl cyclase).
Without this, even Dictyostelium is too complex to understand
quantitatively, even though it essentially responds to only one
chemoattractant. Immune cells chemotax to multiple signals, us-
ing many receptors, many of which (for example, LTB4*%) are
autocrine.

More generally, seeing chemotaxis from the cell’s view (as a
simple spatial bias in receptor activation) rather than the
experimenter’s (multiple, separate attractant gradients) intro-
duces mechanisms of control that apply in any context. Our
investigation into 8-CPT-cAMP shows that the strength of an
effective repellent is tuned by the concentration of a ubiqui-
tous agonist and turned off entirely without an agonist. We
show that the inclusion of a competitive antagonist can turn
an attractive guidance cue into a repellent one (Figure 3).
This would be an excellent mechanism for resolving inflamma-
tion. After some threshold is passed, an attractive signal could
be competed out by a different agonist, reversing the direc-
tional instruction.

We have shown many ways in which chemotaxis is complex
and counterintuitive. Attractant degradation®® can be vital to
long-range guidance, and local topology can interact with guid-
ance cues, even as far as to lead cells away from major attractant
sources.”® We now add ligand competition to the complex
mechanisms that guide cells. Our examples of ligand competi-
tion use effectively 1D environments—the cell’s chemotactic
stimuli are defined simply by how far across the chamber they
are. If we extend this into 2D and 3D, competition will be even
more dynamic and unexpected. Understanding this will require
extensive mathematical and computational modeling, combined
iteratively with experimental measurements. The counterintuitive

¢? CellPress

OPEN ACCESS

nature of these questions means that we could not design infor-
mative experiments without computational simulations to test
the implications of our current understanding. In any case, it is
increasingly clear that real guidance cues emerge from the inter-
actions of several signals, and they must be considered together
to be understood.
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(G-I) Rightward velocity quantified for (D)—(F).

(J) Computed fraction of receptors that are activated across the bridge of the chamber.

(K) Heatmap of the receptor activity differences across the chamber when varying the steepness of the partial agonist gradient, assuming its efficacy is 0.3 and
presence of the linear agonist gradient shown in (B) and (C). Shallow partial agonist gradients allow the full agonist to drive positive chemotaxis, but steeper
gradients switch the cues to repellent ones. The green dotted line shows the predicted behavior for the gradient used in the rest of the figure.

(L) Heatmap showing the proportion of simulated cells that show positive (warm colors) or negative (cold colors) chemotaxis, as the efficacy and final con-
centration of the imperfect agonist are varied. The linear attractant gradient illustrated in (B) competes against the linear imperfect inhibitor. Measurements were
made over 40 min of simulated chemotaxis.

(M-U) Experimental validation of (D)—(l). Tracked acaA™ cells show chemotaxis to both Rp-cAMPS and Sp-cAMPS individually (M) and (N), and repulsion when
both are present (O). Scale bars, 100 um.

Green points in (G)—(1), (M), (N), and (O) show mean + SE (n > 68, 80, 48, 8, 3, and 19) for cells at the indicated positions, in 3 simulations (G-I) or a representative
experiment (M-O).

See also Video S5.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, Peptides, and Recombinant Proteins

SM agar formedium.com SM
Caffeine Sigma C0750
cyclic AMP Sigma A3262
Sp-cAMPS BiolLog Life Sciences Institute A003S
Rp-cAMPS BioLog Life Sciences Institute A002T
8-CPT-cAMP BiolLog Life Sciences Institute Cco10
Sp-8-CPT-cAMPS BioLog Life Sciences Institute C012
Experimental Models: Organisms/Strains

NC4 aca- This work sP1844

Software and Algorithms

Self-generated gradient model Tweedy et al., 2020°° GitHub: https://github.com/Itweedy/MazeNavigation

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Prof. Rob-
ert Insall (robert@chemotaxis.org)

Materials availability
The NC4 acaA- line will be deposited in the Dictyostelium Stock Center (dictybase.org)

Data and code availability

o All data reported in this paper will be shared by the lead contact upon request.

e All original code has been deposited at Github and is publicly available as of the date of publication. Code is available at https://
github.com/Itweedy/MazeNavigation

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Dictyostelium cells were originally obtained from the Dictyostelium stock center. Two Dictyostelium strains were utilised in this
paper, wild type NC4 (WT) and NC4 adenylyl cyclase knockouts (acaA’). Both were grown on Klebsiella aerogenes, passaged
once weekly. Lawns of bacteria on SM agar plates (formedium.com) were inoculated with a small amount of bacterial stock
from -80° stock. When this had grown into a colony, a streak of about 5 x 10° cells was used to start a growth plate together
with fresh Klebsiella. Plates were kept at 22°C for 48h then Dictyostelium were harvested and washed free of bacteria. The
K. aerogenes was also passaged once weekly. Fresh stocks of bacteria and both NC4 strains were retrieved from -80°C once
per month.

METHOD DETAILS
Models

Cell migration was simulated as described in the text using a hybrid agent-based and finite-elemnt diffusion model as described in
Methods S1.
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Gene knockouts

The acaA- cells were generated by inserting a hygromycin resistance cassette into plasmid sPI844 containing the the locus of
acaA gene (4500 bp), replacing about 2500 bp (800 bp to 3300 bp) of its sequence. The used recombination arms span from
-300 bp to 800 bp and 3300 to 4500 bp of the genomic sequence. This was electroporated into bacterially-grown NC4 Schaap
cells using the method and parameters described in Paschke et al.*® Clones were isolated on SM agar plates and screened us-
ing PCR.

Assay preparation

For both WT and acaA’ strains, experiments were set up two days in advance by growing cells on four different agar plates at varying
cell densities. On the day of the experiment the plate with the most consumed bacteria and least sign of further starvation was har-
vested, and the cells washed in KK2 buffer (K phosphate pH6.2), with added 2mM MgCl. and 0.1mM CaCl: (to give KK2MC) three
times at 1300 rpm for 3 minutes.

For WT cells, the cell suspension was adjusted to a cell density of ~3x10° cells/ml and 4ml was then placed on a series of 60mm
plates with 1% agar. After a couple of minutes any excess liquid was drained and the cells were then left to starve for approximately 5
hours. Agar plates were left in the refrigerator if a longer development time — perhaps for testing subsequent conditions — was
required. At the onset of streaming plates were harvested, the cells washed and resuspended with 2mM caffeine - to supress further
cAMP secretion — at ~6x10° cells/ml. Cells were then left to settle on 22mm? slides, using 200! suspension, for 20 minutes before
being used in an Insall chamber assay.

ForacaA’ cells, the cell suspension was adjusted to a cell density of ~1x107 cells/ml and 10ml was then placed into a small flask. As
these cells do not secrete cAMP they cannot develop via the usual method of starvation induced cAMP relays; instead they must
instead be treated with external pulses of cAMP. The suspension was mixed on a rotating table for 1 hour, so the cells consume
any residual bacteria and begin to starve, then treated with 300nM cAMP every 6 minutes for 4 hours, while still being mixed. Cells
were then washed and resuspended — without caffeine — at ~6x10° cells/ml. Cells were then left to settle on slides as with WT above,
before use in an Insall chamber.

Chemotaxis chamber assays

Insall chambers & their use are described in Muinonen-Martin et al.*® In all uses, buffer containing the chemical conditions required
for the inner well was initially placed everywhere. The coverslip with cells adhered was then placed over the chamber, keeping the tips
of the outer well free. The buffer in the outside well was replaced by new buffer containing the chemical conditions required for the
outer well. If using WT cells the chemical condition containing buffers also included 2mM caffeine. The chamber was then left to equil-
ibrate for around 15 minutes before filming the cells on the bridge of the chamber using a 10x objective in a Nikon Ti2 timelapse mi-
croscope with a Retiga R6 digital camera for around 20 minutes. This was sufficient time to obtain data on the directional bias at
different point along the gradient at equilibrium.

A detailed protocol can be found in Muinonen-Martin et al.**

Micropipette Assays

For this assay only WT cells were used; they were prepared as for chemotaxis chambers until the developing cells were at the onset of
streaming, then harvested, washed and resuspended in 2ml of buffer. Enough suspension to give an appropriately low cell density
was placed in a 35mm glass bottom dish containing no caffeine, caffeine or caffeine plus 2uM Sp-cAMPS. The micro-pipette (Ep-
pendorf Nanotip Gold) was loaded with 10mM 8-CPT-cAMP, pressurized and lowered gently into the suspension. Images were re-
corded on an Olympus microscope at 10x magnification.

Simulations

Simulations run are based on a Java code written by Tweedy et al.,>®> modified according to the needs of the project. Modifications
include: inclusion of up to three competing chemicals of varying intrinsic efficacies, a rendering scheme illustrating the rate of change
receptor activation with space and the possibility of accounting for chemical degradation in the wells due to cells located there. See
also Methods S1.

Wild-Type NC4 Bridge Chamber Assays

Cells were starved on agar for approximately 4 hours, examined, and harvested when centres of cell aggregation were visible across
the plate, but before cells had started to stream. At this time the cells were harvested from a plate using 1ml KK2, washed into 1mi
KK2MC, and diluted 15x into another 1ml KK2MC + 2mM caffeine. After mixing thoroughly once more, 200ul suspension was pipet-
ted onto 22mm? cover slips and allowed to settle for at least 20 minutes before assembling the chamber. This was then left for about
10 minutes for the gradients to equilibrate before filming the 1mm bridge using a 10x objective in a Nikon Ti2 timelapse microscope
with a Retiga R6 digital camera for around 20 minutes. This was sufficient time to obtain data on the directional bias at different point
along the gradient at equilibrium.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Data from live cell imaging was analysed using an ImageJ plugin,*® giving positional data of cells at different time points. This data
were converted into an X-direction velocity and average position for each tracked cell, such that an average velocity and error on the
velocity could be found for each cell occupying a defined partition of the bridge.

Due to inter-experiment variability, local cell speeds or velocities were plotted as mean +SE of cells at the indicated location in a
single representative experiment; all experiments were repeated at least three times on different days, with consistent results. SE
data are included in the figure legend where appropriate.
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